The effects of spin-orbit (SOC) and electron-phonon coupling on the collective excitation of doped monolayer Sb2 are investigated using density functional and many-body perturbation theories. The spin-orbit coupling is exclusively important for the monolayer Sb2 and it leads to the reconstruction of the electronic band structure. In particular, plasmon modes of monolayer Sb2 are quite sensitive to the SOC and are characterized by very low damping rates owing to small electron-phonon scatterings. Our results show plasmons in antimonene are significantly less damped compared to monolayer graphene when plasmon energies are ω > 0.2 eV due to smaller plasmon-phonon coupling in the former material.
I. INTRODUCTION
There has been a large amount of experimental and theoretical activities in recent years to explore the optical and transport properties of two-dimensional (2D) crystalline materials. Advances in fabrication techniques have made it possible to probe various quantities of interest in high quality and various charge density samples. Graphene was the first 2D crystalline material to be isolated in 2004 [1] and there have been literally hundreds of other materials, with a vast range of properties [2, 3] . Antimonene, a single layer antimony and another member of the nitrogen group, is a recently discovered 2D semiconductor with exceptional environmental stability [4] [5] [6] [7] [8] , potentially possessing high carrier mobility [9] and strong spin-orbit coupling (SOC) [10, 11] . Moreover, it has been isolated both by mechanical [12, 13] and liquidphase exfoliations [14] . Antimonene has several crystal phases, such as α, β, γ and δ. Among them, the β phase shows the lowest Free-energy state [15] . In contrast to puckered phosphorene, the β-Sb holds buckled honeycomb structure with much stronger spin-orbit coupling (SOC), which brings exotic fundamental properties for photonics and spintronics [16] . A less stable structure is a puckered α-Sb with two atomic sub-layers. Monolayer β-Sb is a semiconductor with an indirect band gap and it is thus suitable for application in optoelectronics, where thickness-and strain-tunable band gap could provide additional control over the materials properties [17] . Furthermore, antimonene was shown to display remarkable optical and electronic properties that could be managed and tuned by applied strain and external electric fields [18] .
Owing to these special electronic structure properties, * Electronic address: asgari@ipm.ir antimonene could support exceptional collective charge excitations, i.e., plasmons, [19] suitable for application in plasmonics and nanophotonics [20, 21] . Namely, by using the tight-binding model it was recently shown that under application of the gate voltage electron-doped antimonene demonstrates unusual low-loss plasmonic excitations in the mid-infrared region [20] . However, the phonon-assisted electron processes that are instrumental for determining plasmon decay rates below Landau (interband) damping region have not been considered thus far. For instance, these processes (i.e., couplings with intrinsic acoustic and optical phonons) were shown to dictate plasmon lifetimes in high-mobility graphene [22] [23] [24] . Therefore, in order to fully characterize plasmonic excitations in antimonene, it is important to consider these electron-phonon coupling (EPC) effects.
In this work, we investigate the electronic and optical properties of electron-and hole-doped antimonene in its most stable β-phase using first-principles calculations. We consider the role of the SOC in the electronic structure and plasmon dispersions. A wide optical absorption in the energy range of 2 − 4 eV is obtained in the system. Having noted, the SOC causes a reconstruction of the band structure and induces a splitting of the valence band. As a consequence, the plasmon spectra of the doped antimonene is highly affected by the SOCinduced band structure modifications. Moreover, a particular attention might be devoted to electron-phonon interactions, since phonons play a dominant role in suppressing the intrinsic mobility of a material. In order to have a realistic electronic structure, we consider the effect of charge carrier doping effects by making use of a jellium model. We show that the impact of the EPC on plasmon decay rates dispersion is favourably small in a doped antimonene, which makes this novel 2D material promising and appealing for applications in plasmonics. This paper is organized as follows. We begin with a description of our theoretical formalism in Sec. II, followed arXiv:2002.05302v1 [cond-mat.mtrl-sci] 13 Feb 2020 by the details of the DFT simulations, optical formalism in the presence of the EPC. Numerical results of the absorption, rigid band approximation, charge doping in the jellium model, charge plasmon modes and lifetime of the phonon scattering process together with the Kohn anomaly descriptions are presented in Sec. III. We summarize our main findings in Sec. IV.
II. THEORY AND COMPUTATIONAL METHODS
We investigate the electronic and optical properties of antimonene with the presence of the SOC and EPC interactions. To this aim, we use a combination of density functional theory (DFT) and density functional perturbation theory (DFPT) [25] in conjunction with the formalism of maximally localized Wannier functions [26] as implemented in EPW code [27] . The abinitio calculations are carried out in the framework of the local density approximation (LDA) of the density functional theory and norm-conserving pseudopotential within the QUANTUM ESPRESSO package [28] , using Perdew-Zunger LDA exchange-correlation.
We use kinetic cutoff energy of 50 Ry and a vacuum spacing of about 25Å to avoid the effects of the interaction between periodic images in the z direction. The convergence criterion for energy is set to 10 −8 eV and the atomic positions are relaxed until the Hellmann-Feynman forces are less than 10 −4 eV/Å. A set of 30 × 30 × 1 Γcentered k-point sampling is used for the ground-state calculations.
A. Optical absorption spectra and phonon-induced damping
We would like to explore the optical absorption of the system by making use of the current-current response tensor calculated within DFT where the electromagnetic interaction is mediated by the free-photon propagator. To this aim, we pursue the same procedure given in Refs. [29] [30] [31] [32] to obtain the optical properties of antimonene. First, we consider independent electrons which live in a local crystal potential obtained by DFT and interact with the electromagnetic field described by the vector potential. Then, we solve the Dyson equation for the screened current-current response tensor in the quasi-2D crystal of one or few layers Π = Π 0 + Π 0 ⊗ D 0 ⊗ Π, where Π 0 and D 0 are the non-interacting current-current response tensor and free-photon propagator, respectively.
The non-interacting current-current response tensor can be written as
where J µ kn,k+qm (G z ) are the current vertices (see Refs. [29, 30] for more details) and E n (k) are the Kohn-Sham energies. Here f n (k) is the Fermi-Dirac distribution at temperature T , G z is reciprocal lattice vector along the perpendicular of the system and V is the normalized volume. Notice that we define threedimensional vector r = (ρ, z) and the Kohn-Sham wave functions are expanded over the plane waves with coefficients that are obtained by solving the Kohn-Sham equations self-consistently. Further, the summation over k wavevectors is carried on a 101×101×1 grid, n index sums over 20 electronic bands, and polarization direction is µ, ν = x, y, z. Finally, the optical absorption is given by A(q, ω) = −4 Im Π µµ (q, ω)/ω [23, 29, 30] .
In order to investigate the effects of phonon on the plasmon dispersion, we use the formalism that was presented in Ref. [23, 33] . Optical excitations are first convenient to decompose into the intraband (n = m) and interband (n = m) contributions. The electron-phonon scattering mechanism is then considered in the intraband channel.
For q ≈ 0, the intraband contribution of currentcurrent response tensor can be written as the following [34] :
Here the effects of the EPC are contained in the scattering time and the dynamical renormalization parameters, i.e., τ ph (ω) and λ ph (ω), respectively, which are defined as
and
where α 2 F (Ω) is the Eliashberg spectral function [23, 33] . It has been shown that this method is an extension of the Drude model to account the electron-phonon interaction with the additional of a frequency dependence for the scattering rate [34] . In other words, in order to fulfill the causality, the effective mass renormalization 1 + λ ph (ω) also becomes frequency dependent [35] . 
III. RESULTS AND DISCUSSION
In this section, we turn to the presentation of our numerical results for electronic structure with SOC, phonon dispersion relation, EPC by making use of the scattering time and Eliashberg spectral function, the currentcurrent response tensor and optical absorption of the system described in preceding section. Finally, we discuss the charge collective mode of the system in the presence of the SOC and EPC in the long-wavelength limit.
A. Electron and phonon band structures of antimonene
Antimonene has a buckled honeycomb lattice with an indirect band gap as illustrated in Figs. 1(a) and 1(b), respectively. The calculated relaxed lattice parameter of antimonene is found to be a = 4.0Å and two sublattices are vertically displaced by b = 1.61Å. The indirect band gap is calculated to be 1.05 eV, the valence band maximum (VBM) and conduction band minimum (CBM) are located at Γ point and between line Γ − M , respectively. This value is in good agreement with the previous DFT-LDA result [11] . By including the SOC, we observe a considerable reduction of the band gap to about 0.74 eV. As a result, it is essential to include the SOC contribution in our calculations. It is worth mentioning that the electronic band structure we obtained is similar to those results calculated by different groups only with the energy band gap value smaller than the value they calculated for a pristine antimonene [36] [37] [38] . It turns out that the energy band gap of antimonene depends strongly on the exchange-correlation term and basis which are implemented into DFT codes.
The small band gap of less than 1.2 eV indicates that antimonene will not be optically transparent, as there will be an appreciable amount of free carriers created by absorption even at room temperature. Therefore, antimonene will start to absorb electromagnetic radiation in the infrared region as an optical material.
The electronic band structure of antimonene along the high-symmetry points Γ-M-K-Γ of the Brillouin zone is shown in Fig. 1(b) . The maximum of the valence band is found at the Γ point, while the conduction band minimum is between Γ and M points. Furthermore, it clearly shows a high degree of electron-hole asymmetry even for very low doping concentrations. These results also show the impact of the SOC on the electronic band structure. Namely, the SOC lifts the degeneracy of the two topmost valence bands at Γ point, as well as reduces the band gap by about 0.3 eV.
The phonon spectrum of antimonene, on the other hand, is plotted in Fig. 1(c) . The in-plane acoustic modes display a linear dispersion near the zone center, whereas the out of plane, ZA, branch has a parabolic dispersion in a similar manner to that of graphene. In contrast with the electronic structure, the SOC has a negligible impact on the phonon spectra. However, the impact of the SOC is relatively stronger for optical phonon modes and it is less prominent for acoustic modes [17] .
It is technically useful to consider a linear behavior of the dispersion relation in the long-wavelength limit to obtain the phonon sound velocities. We thus calculate the slopes of in-plane acoustic branches in the vicinity of the Γ point. The derived sound velocities are about 3.60, 2.4 km/s for longitudinal and transverse atomic motions, respectively, along the Γ − K direction. Along the Γ − M direction, on the other hand, the sound velocities are obtained as 3.61 and 2.31 km/s for longitudinal and transverse atomic motions, respectively. Therefore, a weak anisotropy within the entire first Brillouin zone is predicted for sound velocities in monolayer antimonene. It is worth mentioning that these sound velocities are comparable to those obtained for other 2D materials, such as graphene, 14.9 − 21.8 km/s [39] , MoS 2 , 4.2 − 6.8 km/s [40] , monolayer phosphorene, 4.48 − 7.59 km/s [41] , blue phosphorene, 4.0−8.0 km/s [42, 43] and stanene, 1.3−3.6 km/s [44] .
B. Optical absorption
We explore the optical absorption calculated by using Eqs. (2) (3) (4) and making use of the approximation in which q tends to zero. Having calculated the electronic structure with SOC, we can obtain the Kohn-Sham wave functions and energies, which are invoked to calculate the EPC value and the current-current response tensor. Basically, we solve the screened current-current response tensor in the quasi-2D crystal utilizing Π = Π 0 +Π 0 ⊗D 0 ⊗Π. In this approach, the momenta dependence actually originates from the free-photon propagator D 0 (q, ω). Furthermore, we only consider a normal incident light with s polarization.
The optical absorption of antimonene, which is based on the many-body processes, with (black line) and without (red dashed-line) SOC is shown in Fig. 2 . The excitation energy corresponding to the first absorption peak which mainly originates from the interband transition between the VBM and CBM. Stemming from our DFT analysis, the orbital character of the conduction and valence bands are 0.3|p x + 0.3|p y + 0.4|s and 0.5|p x + 0.5|p y , respectively. Accordingly, the optical transition from VBM to CBM is allowed.
Most importantly, there is an extensive optical absorption in the energy range of 2 − 4 eV (including the main part of the visible light and ultraviolet), which makes the β-Sb as a potential candidate material for photovoltaic devices [18] . The intensive peaks of the optical absorption are at around 2.4 and 3.1 eV. By including the SOC, the intensive peak at 2.4 eV splits and its intensity decrease. Moreover, the optical absorption onset starts at lower energy, i.e., around 1.18 eV, compared with the optical absorption without SOC, which is a result of the SOC-induced reduction of the band gap.
C. Rigid band approximation of carrier doping
For the sake of simplicity, we first consider a rigid band model which is a good starting point to describe the doping effects, since the corresponding band structure changes are small. In this approach, the electronic band structure and lattice dynamics are assumed to be unaffected by the presence of doped electrons and holes. The degree of doping is determined by the placement of the Fermi energy into the conduction and valence bands for electron and hole doping, respectively.
In order to perceive the effect of the electron and hole doping over a wide but experimentally accessible range, we consider 0.1 and 0.2 holes per unit cell, which corresponds to carrier concentrations of 7.3 × 10 13 cm −2 and 1.4 × 10 14 cm −2 . In order to reach these concentrations, the Fermi energy should be set to 0.55 (0.35) and 0.77 (0.61) eV below the VBM for SOC (non-SOC) calculations. In the electron-doped case, we consider 0.1 electrons per unit cell that corresponds to the Fermi energy of about 0.13 and 0.12 eV above the CBM for SOC and non-SOC calculations, respectively. The black dotted lines in Fig. 1(b) shows the Fermi energy of different dopings for SOC calculations.
Having used the previous approach, we would like to study the charge plasmon mode in the system. Electron energy-loss spectroscopy (EELS) is an analytical technique which is based on inelastic scattering of fast electrons in a thin sample and is defined as
where the many-body dielectric function is defined as 1 ε(q,ω) = 1 + v q χ nn (q, ω) in which χ nn (q, ω) is the chargecharge response function of the system and v q is the bare Coulomb potential. By making use of the relation between the charge-charge and longitudinal current-current response functions for a s polarization together with the fluctuation-dissipation relation, we end up to a relation in which L(q, ω) = πe 2 A(q, ω). This relation tells us that the spectrum of the peak of A(q, ω) can be considered as a plasmon modes of the system. Fig. 3 displays the plasmon dispersion of doped antimonene in which (a)-(c) denote results with SOC, while (d)-(f) refer to results without SOC. The main difference between the SOC and non-SOC cases for the hole doping is the splitting of plasmon branches that occurs for the former, while it is absent for the latter. Also, the second branches of plasmon modes become wider by increasing the hole concentration. In fact, the SOC term causes a reconstruction of the electronic band structure and lifts the degeneracy of two bands at the Γ point in the valence band, which manifests itself explicitly in the plasmon dispersion. For 0.1 electrons/u.c. doping, on the other hand, there is no noticeable difference for the plasmon dispersions with and without SOC term.
For the sake of completeness, we plot the intra-and interband excitation spectra as function of energy at q = 0.002 bohr −1 with the charge concentration of 0.1 hole/u.c. as well as with and without SOC in Fig. 4 
D. Carrier doping within jellium model
In the following, we study plasmon dispersion in antimonene when the electron and hole dopings are obtained within a more realistic model, i.e., a jellium model. In the jellium model, carrier doping is simulated by adding or removing excess electronic charge into the unit cell which is compensated by a uniform positive background.
For every doping case, we calculate the plasmon spec- trum of antimonene for a fully optimized lattice parameter (variable lattice parameter), keeping the same vacuum space, as well as when the lattice parameter is fixed. The fixed lattice parameter is set to the lattice parameter of the pristine antimonene. The latter could be regarded as a case that models the behavior of the 2D material adsorbed on a substrate [17] . The lattice parameters a, bond length l, buckling height ∆ and bond angle θ for the various doping levels of variable and fixed lattice parameters are summarized in Table I . For the variable lattice parameter, the antimonene has a tendency to decrease its lattice parameter and bond angle in the hole-doped case, while the bond angle increases for electron doping. The lattice parameter can be affected less by electron doping. But buckling height has opposite behavior, it increases in the hole-doped case and decreases for the electron-doped case. Also, the bond length is less sensitive to doping compared to the buckling height and bond angle. The similar behavior is observed in the case of the fixed lattice parameter. It is imperative to understand how the electronic and plasmon dispersion can be modulated at different doping levels. Fig. 5 displays the evolution of the electronic band structure upon a hole and electron doping for both the variable lattice and fixed lattice parameters with and without including spin-orbit interaction. In the case of hole doping (both with and without the SOC) the valence bands are almost unchanged, especially near the Fermi energy. For the variable lattice method, on the other hand, the lowest energy conduction band drastically changes and it shifts downward when the concentration of holes is elevated. At the same time, the CBM edge is slightly shifted from the middle of the Γ-M pathway toward the M point. On the other hand, the band structure changes are absent for the fixed lattice parameter. In contrast to the hole-doped, there is no remarkable difference in the electron-doped case.
The calculated phonon spectra and phonon DOS of 0.1 electrons/u.c. and 0.1 holes/u.c. doping for antimonene are given in Fig. 6 . It is worth mentioning that Kohn anomalies [45, 46] (the itinerant charge carriers of the doped antimonene renormalize the bare phonon fre- quencies and cause an anomaly in the phonon dispersion) appear both in the electron-and hole-doped cases and are shown by blue and red ellipses, respectively, in the figure.
In the electron doped case, the Kohn anomalies appear for the optical phonon at the K point as well as along the Γ-M (which we indicate here as the S point). The phonon softening originates from the relatively strong adiabatic electron-phonon renormalization (i.e., EPC at q = K and q = S). In the case of hole doped antimonene, the Kohn anomaly appears at the q = Γ point, since in this case k = Γ is partially depopulated and the corresponding Fermi surface plots are shown in Figs. 6(b) and 6(d).
In Fig. 7 , we compare the plasmon dispersion of antimonene for both the variable and fixed lattice parameters. All calculations undertaken in this figure are with SOC. It can be seen that for the hole doping, the plasmon dispersions of variable lattice parameters are completely different from the ones when the lattice parameter is kept fixed. The splitting of plasmon dispersion for both the 0.1 and 0.2 holes/u.c. disappear when fully relaxed calculations are used. It is also interesting that the plasmon dispersions with the fixed lattice parameter [i.e., Fig. 7 (a) and 7(b)] are similar to the results of plasmon modes within the rigid band approximation presented in Fig. 3(a) and 3(b) .
In the electron doped case, there is no notable difference for both the variable lattice and fixed lattice parameter, because of no considerable change in the corre- 
E. Phonon-induced plasmon decay in antimonene
Now, we would like to investigate the impact of the EPC on the plasmon dispersion. For this purpose, we consider electron-and hole-doped cases. By making use of the calculated Eliashberg function, α 2 F (ω), and Eqs. (3) and (4), we can obtain the phonon-induced decay rate 1/τ ph (ω) and renormalization parameter ωλ ph (ω) for electron and hole doped cases (see Fig. 8 ). Notice, α 2 F (ω) is calculated on 24 × 24 × 1 k-points and 8 × 8 × 1 q-mesh. While, a finer k-mesh 120 × 120 × 1 is applied for calculating the EPC.
It can be seen that the same behavior is obtained from results calculated from the fixed unit cell and the variable lattice parameter approaches. The main discrepancy between the two cases is that the Eliashberg function of the fixed unit cell has a slightly more (less) intensity in comparison with the variable lattice parameter for holedoped (electron-doped) and it increases by growing the doping level.
From a more detailed inspection, it is clear that the largest peak in α 2 F (ω) for 0.1 holes/u.c. stems from the Kohn anomaly owing to the EPC of the optical inplane displacements at q ≈ Γ. The existing hole pocket around k = Γ point reveals that only intralayer scat- terings from one point of the Fermi surface to another one is feasible for this doping level [see yellow arrows in Fig. 6(b) ]. The latter scattering processes are thus responsible for the Kohn anomaly and for the plasmon damping in the hole-doped case. For larger hole concentrations (0.2 holes/u.c.), the form of the Fermi surface is generally similar to a lower doping level. Therefore, the α 2 F (ω) is not modified a lot when the hole concentration increases due to the lack of the change in the type and the number of hole pockets. Nevertheless, there are still some small differences in the spectral function for the two cases that are attributed to a slight increase of the hole pocket existing at the vicinity of the Γ point, but also to appearance of a new coaxial pocket at the around the Γ point and very close to the previous pockets, which originates from the SOC-induced bands splitting.
It should be pointed out that for the electron-doped case an additional spectral feature appears in α 2 F (ω), i.e., a nonzero plateau around the phonon energy of 15 meV. Such a feature arises from the existence of the strong Kohn anomalies at q = K and q = S points, as depicted in the Fig. 6 (c) by dashed elliptical lines. These Kohn anomalies and strong EPC at these points, and thus the aforesaid plateau in α 2 F (ω), are prompted by a suitable form of the Fermi surface [see Fig. 6(d) ]. Namely, these spectral features visible in α 2 F (ω) are due to interlayer scattering between k = K and k = S valleys assisted with the phonon wavevectors q = S as well as between inequivalent k = S valleys assisted with q = K phonon, as depicted in Fig. 6(d) by black arrows. Note that intralayer scatterings within both k = K and k = S electron pockets are present in the electron doped case.
The plasmon dispersion of electron-and hole-doped antimonene is calculated by the approach introduced in Sec. II A. The results are exhibited in Fig. 9 for 0.1 holes/u.c. and 0.1 electrons/u.c. with taking into account the EPC. It is completely explicit, the EPC increases the peak width of A(q, ω). It is important to mention that owing to a small EPC the phonon-induced plasmon decay of antimonene is quite small. As aforementioned discussion points out, the plasmons in antimonene decay mostly due to phonon scatterings around q = Γ point (intravalley transitions) for the hole doped case, while the damping in the electron doped case is a bit complexed, where both intravalley (q = Γ) and intervalley (q = K and q = S) scatterings take place.
In order to emphasize the low-loss plasmonic properties in antimonene, the corresponding values of scattering rates due to EPC, 1/τ ph ( ω) for three values of ω (i.e., ω = 0.1 eV, 0.2 eV and for the high-energy limit ω → ∞) and for total charges of 0.1 holes/u.c. and 0.2 holes/u.c., and 0.1 electrons/u.c. are compared with the scattering rates in well-known graphene [see Figs. 10(a) and 10(b)]. Note that 1/τ ph (∞) = π qν ω qν λ qν , where λ qν is the standard electron-phonon coupling constant and the summation goes over all q and phonon bands [23] . While 1/τ ph in the case of antimonene is more or less the same for all three values of ω (since ω is always larger than the characteristic phonon energies), for graphene it changes. These three values are important for graphene, since 1/τ ph ( ω = 0.1 eV) includes mostly contributions from acoustic modes, 1/τ ph ( ω = 0.2 eV) includes mostly contributions from acoustic and some of the optical modes, while 1/τ ph (ω = ∞) includes all possible modes [22, 23] . It can be seen that when only acoustic and some of the optical modes are active in graphene (i.e., when plasmon energy ω 0.2 eV) plasmon decay rates are comparable in graphene and antimonene [see Figs.10(b) ]. On the other hand, for larger plasmon energies ( ω > 0.2 eV) antimonene retains its low-loss properties, while plasmon decay rate in graphene is significantly elevated [see Figs. 10(a) ]. In other words, plasmons in antimonene are significantly less damped compared to graphene when plasmon energies are ω > 0.2 eV due to smaller plasmon-phonon coupling in the former material.
IV. CONCLUSION
In summary, we have investigated the electronic and optical properties of electron-and hole-doped β-phase antimonene utilizing first-principles calculations. We have also considered the effect of charge carrier doping effects by making use of a realistic approach based on the jellium model.
Our results show that antimonene possesses a very interesting electron excitation spectra. In particular, plasmon modes are quite sensitive to the SOC and are characterized by very low damping rates due to small electronphonon scatterings. The plasmons in antimonene decay mostly due to phonon scatterings around q = Γ point (intravalley transitions) for the hole doped case, while the damping in the electron doped case, where both intravalley (q = Γ) and intervalley (q = K and q = S) scatterings. Furthermore, the scattering rates owing to the EPC of antimonene are compared with the scattering rates in monolayer graphene. We have concluded that when only acoustic and some of the optical phonon modes are active in graphene (i.e., when plasmon energy ω 0.2 eV) plasmon decay rates in antimonene are comparable in those obtained in graphene, however, antimonene retains its low-loss properties for larger plasmon energies ( ω > 0.2 eV) where plasmon decay rate in graphene is significantly elevated. Our finding suggests that this novel 2D material is a promising material with potential applications in next-generation plasmonic devices.
